Objective-Phospholipid transfer protein (PLTP) plays an important role in lipoprotein metabolism and atherosclerosis.
L owering plasma cholesterol is of significant importance because high plasma cholesterol levels are associated with cardiovascular and metabolic disorders. A significant portion (30%) of plasma cholesterol is derived via the intestinal absorption. 1 It is estimated that a 60% reduction in plasma cholesterol level could be achieved by 100% inhibition of cholesterol absorption. 1 Cholesterol absorption is a multi-step process in which cholesterol is micellized by bile acids in the intestinal lumen, taken up by the enterocytes, assembled into lipoproteins, and transported to lymph. Accumulating evidence indicates that Niemann-Pick C1-like 1 (NPC1L1) protein plays a key role in the influx of cholesterol into enterocytes. NPC1L1 deficiency significantly reduces cholesterol absorption 2 and has been shown to be the target of ezetimibe, a well-known cholesterol absorption inhibitor. 3, 4 The role of SR-BI in intestinal cholesterol absorption is controversial, and one report indicated that SR-B1 is involved in cholesterol absorption. 5 However, SR-BI knockout (KO) mice do not show significant difference in cholesterol absorption compared with wild-type (WT) mice. 6 After uptake, enterocytes excrete some of the cholesterol back to the intestinal lumen involving ATP-binding cassette transporters G5/G8 (ABCG5/G8 activity). 7 Nonetheless, a majority of cholesterol taken up by enterocytes is transported to the plasma. It has been shown that this process may involve in at least two, apolipoprotein B (apoB)-dependent and apoB-independent, pathways. 8, 9 The apoB-dependent pathway requires apoB and microsomal triglyceride transfer protein (MTP) activity. 8, 9 Apolipoprotein AI and ABCA1 have been shown to play a role in the apoB-independent or the HDL pathway. 10 Phospholipid transfer protein (PLTP) circulates bound to HDL and mediates the transfer of phospholipids as well as cholesterol from apoB-containing lipoproteins into HDL. 11 PLTP overexpression in mice increased atherosclerosis. [12] [13] [14] This has been attributed to decreased HDL levels 12, 13 and increased VLDL secretion. 15 Ablation of PLTP in mice dramatically decreases cholesterol levels. 11 PLTP deficiency reduced atherosclerosis in apoB-transgenic and apoEdeficient mice most likely because of the diminished produc-tion of hepatic apoB-lipoproteins. 16 Later, decreased apoBlipoprotein production was ascribed to postendoplasmic reticulum presecretory proteolysis of these particles because of increased oxidant tone in the PLTP-deficient livers. 17 PLTP deficiency also improves the antiinflammatory properties of HDL and reduces the ability of LDL to induce monocyte chemotactic activity. 18 PLTP is ubiquitously expressed and its function has long been considered to be confined to the plasma compartment. Accumulating evidence indicate that PLTP might play a role in lung surfactant metabolism, 19 brain lipid metabolism, 20 and formation of the tear film. 21 These studies have raised the possibility that intracellular PLTP might play significant tissue specific functions in addition to its recognized role in the plasma compartment. So far, the function of PLTP in the intestine has not been explored. The current study led to an unanticipated result that PLTP-deficient mice absorb less cholesterol, and this could make a sufficient contribution to the hypocholesterolemia observed in the mice.
Methods and Materials
Materials [1, [2] [3] 
Mice and Diet
Age-and sex-matched wild-type (WT) and PLTP KO mice in a C57BL/6 background were investigated in these studies. WT mice were purchased from the Jackson Laboratory (Maine). PLTP KO mice were created and bred in our laboratory. 15 Mice had free access to water and rodent chow.
Cholesterol Absorption Studies
Two different protocols, short-term and long-term, were used to study cholesterol absorption as described previously. 9,10 Percent cholesterol absorption was calculated as: % absorptionϭ{1Ϫ[ fecal( 14 C/ 3 H)] /administrated( 14 C/ 3 H)}ϫ100.
Cholesterol Transport Across the Primary Enterocytes
Primary enterocytes were isolated from WT and KO mice and cultured at 37°C in a cell culture incubator with 5% CO 2 as described before. 10 For secretion studies, enterocytes were suspended in 4 mL of DMEM containing 0.2 Ci/mL of [ 3 H]cholesterol and unlabeled cholesterol (0.5 mg/mL) and incubated for 20 minutes. Cells were washed twice and distributed into several tubes. At indicated times 3 tubes were centrifuged, and radioactivity present in the media was measured. At 0 time, radioactivity present in cells was quantified and considered as total cellular [ 3 H]cholesterol (100%).
To characterize lipoprotein secretion, enterocytes were incubated in 4 mL of DMEM containing 1 Ci/mL of [ 3 H]cholesterol for 1 hour, centrifuged (1500 rpm, 5 minutes), washed twice with DMEM, and incubated with micelles and subjected to density gradient ultracentrifugation to separate lipoproteins as previously described, 9, 10 fractions were collected, and radioactivity was measured. Cell pellets were incubated overnight at 4°C with 1 mL of isopropanol to isolate total lipids. After lipid extraction, 1 mL of 0.1 N NaOH was added to dissolve proteins. Protein was measured by the Bradford method using Coomassie reagent (Pierce Chemical Company).
Collection of Hepatic Biles and Lipid Analyses
Additional groups of the mice (nϭ5 per group) were examined for biliary lipid secretion studies according to published methods. 22 Bile cholesterol, biliary phospholipids, total and individual bile salt were determined as described previously. [23] [24] [25] 
Tissue Lipid Extraction and Analysis
Mouse small intestine (0.1g) was homogenized in 2 mL PBS, then 15 mL of CHCl 3 :CH 3 OH (2:1) and 6 mL of 0.05% H 2 SO 4 were added to separate 2 phases. Organic phase (2 mL) was taken and dried down under N 2 . The extracted lipids were dissolved in 50 L dimethyl sulfoxide and 6 L of the solution was used for cholesterol, triglyceride, and phospholipid measurements using enzymatic methods (Wako Pure Chemical Industries Ltd).
Quantification of Gene Expression by Real-Time Polymerase Chain Reaction
Total RNA was extracted from jejunum using Trizol (Invitrogen), and cDNA was synthesized using a kit (Invitrogen). PCR was performed in triplicate using the SYBR Green PCR Master kit of Applied Biosystems. 18S rRNA was used as an internal control. The primers used for various mouse genes were as follows: NPC1L1 forward ATCCTCATCCTGGGCTTTGC and reverse GCAAGGT-GATCAGGAGGTTGA; ABCG5 forward GCAGGGACCAGTTC-CAAGACT and reverse ACGTCTCGCGCACAGTGA; ABCG8 forward AAAGTGAGGAGTGGACAGATGCT and reverse TGC-CTGTGATCACGTCGAGTAG; ABCA1 forward TTGGCGCT-CAACTTTTACGAA and reverse GAGCGAATGTCCTTCCCCA; HMGCoA reductase forward TCCAGAATCTACGGCACTT and reverse CCAATCACAAGGCATTCCAC; 18S rRNA forward AGTCCCTGCCCTTTGTACACA and reverse GATCCGAGGGC-CTCACTAAAC.
Tissue PLTP Activity Assay
Mouse liver and small intestine (0.2 g) were homogenized in 0.5 mL of 50 mmol/L Tris-HCl, pH 7.4, 5 mmol/L EDTA, and 250 mmol/L sucrose. After 10 minutes spin at 3000 rpm, supernatants were retained and used for PLTP assay and protein determination. The procedure was same as reported. 16 
MTP Activity Assay
WT and PLTP KO small intestines (nϭ5) were homogenized and the supernatants were used to measure MTP transfer activity as described elsewhere. 26 The supernatants (50 g protein) were incubated with small unilamellar donor vesicles containing quenched fluorescent lipids (triacylglycerols) and acceptor vesicles made up of phosphatidylcholine. Increases in fluorescence attributable to MTPmediated lipid transfer were measured after 30 minutes.
Statistical Analysis
Each experiment was conducted in triplicate and repeated at least 3 times. Data are expressed as meanϮSD. Differences between groups were evaluated by Mann-Whitney U test (nonparametric test) and among multiple groups by ANOVA followed by the Post-Hoc test. Probability values less than 0.05 were considered significant.
Results

PLTP Expression in the Small Intestine
To determine whether intestine expresses PLTP, we performed Northern blot analysis by using total RNA extracted from the liver and intestine of mice. Both small intestine and the liver expressed a single transcript of approximately 1.8 kilobases, similar in length to that of human PLTP (supplemental Figure  IA , available online at http://atvb.ahajournals.org). To understand the role of PLTP in the small intestine, we used PLTP KO mice that have no PLTP expression in the small intestine and the liver (supplemental Figure IA) as well as other tissues (data not shown). We also determined the PLTP activity in mouse small intestine and the liver and found both tissues contain comparable PLTP activity, whereas no such activity was detected in PLTP KO mice (supplemental Figure IB) . We also found that the PLTP KO small intestine contains more cholesterol than that of WT (12.4Ϯ1.1 versus 15.7Ϯ1.5 g/mg protein, PϽ0.05), whereas both small intestines contain same levels of phospholipid and triglyceride (supplemental Table I ).
Long-Term Cholesterol Absorption Study
PLTP KO mice have significantly lower plasma cholesterol levels than WT mice. 11, 16 PLTP deficiency in small intestine could contribute to this phenotype. To explore the relationship between PLTP deficiency and cholesterol absorption, we used a long-term protocol designed to quantify smaller changes in cholesterol absorption. 10 In this protocol, animals were gavaged 3 times a day ( Figure 1A ) with radiolabeled cholesterol and sitostanol along with unlabeled cholesterol in olive oil. 10 The amounts of cholesterol absorbed were calculated by dual-isotope ratio method. 10, 27, 28 During the first 24 hours, WT mice absorbed Ϸ60% of the cholesterol ( Figure  1B ). This absorption was slightly decreased to Ϸ50% on day 5. To our surprise, PLTP KO mice absorbed significantly lower amounts on day 1 and continued to absorb significantly lower amounts throughout the feeding schedule ( Figure 1B) . Overall, PLTP KO mice absorbed 35% to 45% less cholesterol than the WT mice (PϽ0.01). These studies indicated that PLTP KO mice are less proficient in cholesterol absorption compared with their WT counterparts.
To understand the reasons for decreased cholesterol absorption, we measured radiolabeled cholesterol in the intestine, liver, and plasma of WT and KO mice. Mice were fed [ 14 C]cholesterol 3 times a day for 2 days ( Figure 1C and Table  1 ) and plasma, small intestine, as well as liver were collected 12 hours after the 6th feeding. The amounts of cholesterol present in most of the small intestinal segments of PLTP KO mice were significantly lower than those present in WT mice ( Figure 1C ). Overall, the small intestines, the plasma, and the liver from PLTP KO mice contained significant less [ 14 C]cholesterol than WT animals ( Table 1 ). These data indicated that the PLTP-deficient intestines contained less cholesterol and also transported less cholesterol to plasma.
To investigate whether the effect of PLTP deficiency was specific to cholesterol, we fed PLTP KO and WT mice with 0.1 Ci [ 3 H]triolein instead of [ 14 C]cholesterol 3 times a day for 2 days. No significant changes in the [ 3 H]triolein derived counts in the plasma and tissues between the two groups of animals were observed (Table 1) indicating that PLTP deficiency has no effect on triglyceride absorption.
Short-Term Cholesterol Absorption Study
The above studies indicated that a significant difference in cholesterol absorption between the WT and PLTP KO mice could be observed within a day. In these studies, animals were subjected to 3 gavages per day. To determine the need for multiple gavages, we performed short-term cholesterol absorption studies after a single gavage using the conventional fecal dual-isotope ratio method. 10, 27, 28 As shown in Table 2 , there was also a significant reduction in cholesterol absorption (35%, PϽ0.001).
Furthermore, we measured the amounts of cholesterol present in the intestine and those transported to plasma in 24 hours after a single bolus of radiolabeled cholesterol ( Table 2 ). PLTP KO mouse small intestines, plasma, and liver contained significantly less [ 14 C]cholesterol than that of WT mice ( Table 2) . To study the specificity, we also studied absorption of triglycerides in PLTP KO and WT mice and did not find any significant differences in Feces were collected every 24 hours, and isotope ratio was determined. A, The feeding schedule: the arrow head above the line represent the times mice were fed with radiolabeled sterols while below the line show the time feces were collected. B, Cholesterol absorption in both groups of animals was determined by fecal isotopic ratio method as described in Materials and Methods. C, Accumulation of cholesterol in the small intestine during long-term absorption studies. Twelve hours after the 6th feeding, small intestines were collected from the base of the stomach and cut into 2-cm segments. Each segment was digested with 1 mL of OptiSolv and mixed with 5 mL of liquid scintillation cocktail and counted. Data were analyzed by ANOVA (PϽ0.001) followed by the Post-Hoc test. Values are meanϮSD. *PϽ0.01. the tissues between the 2 groups of animals ( Table 2 ). These studies indicated that PLTP mice were less efficient in absorbing cholesterol but had no difficulty in triglyceride absorption.
Decreased Cholesterol Uptake by PLTP-Deficient Enterocytes
The data presented above indicate that PLTP deficiency might affect intestinal uptake of cholesterol. To evaluate mechanisms, we measured the mRNA levels of 3 key proteins involved in cholesterol uptake. Relative intestinal mRNA levels of NPC1L1 were significantly lower than WT (45% of WT; Figure 2A ), whereas ABCG5 and ABCG8 levels were not significantly changed (data not shown). Decreased NPC1L1 is expected to result in de-creased cholesterol uptake by enterocytes. Indeed, PLTPdeficient enterocytes took up significantly lower [ 3 H]cholesterol than the WT enterocytes ( Figure 2B) . In contrast, the uptake of [ 3 H]oleic acid by the WT and KO enterocytes were similar ( Figure 2C ). These studies clearly indicate that PLTP deficiency leads to reduce cholesterol uptake.
It is reported that elevation of PLTP activity in mice results in rapid disposal of cholesterol from the body via increased conversion into bile acids and subsequent excretion. 29 To investigate the effect of PLTP deficiency on biliary lipid compositions and concentrations, we measured cholesterol, phospholipids, and bile salts in the hepatic bile from chow-fed PLTP KO and WT mice. No significant differences were observed (supplemental Tables I and II). 
Decreased Cholesterol Secretion by PLTP-Deficient Enterocytes
To determine the effect of PLTP deficiency on cholesterol secretion, enterocytes were isolated from PLTP KO and WT mice, incubated with radiolabeled cholesterol for 20 minutes, washed, and the secretion over time was studied. We found that the medium from PLTP KO enterocyte contained significantly less [ 14 C]cholesterol than that of WT enterocytes ( Figure 3A) . However, we considered the possibility that decreased secretion was attributable to reduced uptake by these enterocytes. Thus, the data were replotted as percent secretion with respect to the intracel-lular counts ( Figure 3B ). PLTP KO enterocytes secreted less percentage of the intracellular [ 14 C]cholesterol than the WT enterocytes ( Figure 3B ). Experiments were then performed to study the uptake and secretion of [ 3 H]oleic acid. No significant changes were observed ( Figure 3C) . These data indicated that PLTP deficiency specifically decreased cholesterol secretion by enterocytes.
We have previously shown that enterocytes secrete cholesterol as a part of apoB-lipoproteins into lymph, and a part of HDL into the circulation. 8 -10 To determine which types of lipoproteins were affected by PLTP deficiency, enterocytes were incubated with radiolabeled cholesterol for 1 hour and then chased in the presence of oleic acid for 2 hours ( Figure  4 ). PLTP KO enterocytes took up less (35%) ( Figure 4A ) and secreted less (45%, PϽ0.01) cholesterol than WT enterocytes ( Figure 4B ). The conditioned media was then subjected to density gradient ultracentrifugation to determine the effect of PLTP ablation on cholesterol secretion with chylomicrons and HDL ( Figure 4C ). Cholesterol secreted by control enterocytes was distributed in two separate fractions, corresponding to apoB lipoproteins (fractions 1 and 2) and HDL (fractions 8 to 10; Figure 4C ). Similar analysis with PLTP KO enterocytes revealed that cholesterol secretion in both apoB lipoproteins and HDL were significantly reduced (52% and 48%, PϽ0.01, respectively). Considering the possibility that decreased secretion was attributable to reduced uptake by these enterocytes, we replotted the results as percent secretion with respect to the total counts present in cells and media. PLTP KO enterocytes secreted less cholesterol than the WT enterocytes in non-HDL and HDL fractions ( Figure 4D) .
These studies indicated that cholesterol secretion by the chylomicron and HDL pathways were diminished in the PLTP-deficient animals.
We have shown previously that microsomal triglyceride transfer protein (MTP) and ABCA1 play a role in the secretion of cholesterol via these 2 pathways. Thus, we measured the MTP activity and ABCA1 mRNA levels in jejunal segments of WT and KO mice. The MTP specific activity was decreased by 30% whereas ABCA1 mRNA levels were reduced by 67%. These studies indicate PLTP deficiency affects cholesterol secretion by both chylomicron and HDL pathways.
Discussion
The data presented here provide the first evidence that PLTP plays a role in intestinal cholesterol absorption. We observed that PLTP ablation results in decreased cholesterol uptake as well as secretion by enterocytes without affecting the uptake and secretion of fatty acids. Decreased uptake was correlated with lower mRNA levels of NPC1L1. The reduced cholesterol secretion by the enterocytes may be attributable to decreased secretion via both chylomicron and HDL pathways and was associated with lower levels of MTP activity and ABCA1 mRNA.
We considered the possibility that the decreased cholesterol absorption in PLTP KO mice could be related to reduction in bile acids. Post et al have suggested that elevation of PLTP activity in transgenic mice results in rapid disposal of cholesterol from the body, likely via its increased conversion into bile acids in the liver and subsequent excretion in the feces. 29 Because these biliary factors could influence intestinal cholesterol absorption, 30 we measured hepatic bile concentrations in these mice using high-performance liquid chromatography (HPLC) and did not find significant changes of cholesterol, phospholipids, and bile salts, as well as total lipid concentrations in the bile from PLTP KO mice, compared with WT mice. We also measured radioactivity in bile after [ 14 H]-cholesterol feedings and did not find differences between PLTP KO and WT mice (supplemental Table II ). Thus, decreased cholesterol absorption in the PLTP KO mice is probably not related to bile acid deficiency. The present study shows that PLTP specifically regulates cholesterol uptake without affecting oleic acid uptake. We observed that PLTP deficiency decreased NPC1L1 ( Figure  2A ). This change could lead to decreased uptake. NPC1L1 has recently been shown to reside mainly in the intracellular organelles and is transported to plasma membrane when cells are deprived of micellar cholesterol. 2, 3 As the cholesterol-NPC1L1 interaction and structural assembly of NPC1L1 may influence the kinetics of net cholesterol movement across the cell membrane of enterocyte, it is crucial to investigate how structural protein integrity or assembly at the cell membrane level is maintained during the intestinal absorption of cholesterol. It is possible that PLTP deficiency affects phospholipid composition of subcellular organelles, such as plasma membrane and the endoplasmic reticulum, and alters subcellular transport of NPC1L1 resulting in reduced assimilation of cholesterol by enterocytes.
The reason why NPC1L1 mRNA is lower in PLTP KO small intestine (Figure 2A ) could be because of the increase of cholesterol levels in the small intestine (supplemental Table I ). It has been reported that cholesterol feeding results in downregulation of intestinal NPC1L1 and HMG-CoA reductase mRNA expression levels in WT mice. 31 We also found that HMG-CoA reductase mRNA levels are significantly lower in PLTP KO small intestine than in WT (supplemental Figure II) .
PLTP deficiency decreased cholesterol secretion with apoB-lipoproteins ( Figure 4 ). The biosynthesis of apoBlipoproteins involves an initial MTP-dependent lipidation resulting in the formation of primordial chylomicrons. 8, 32 Subsequently, these lipoproteins undergo "core expansion" resulting in the assembly and secretion of larger nascent chylomicrons. 8, 32 In this study, we observed a significant reduction in the intestinal MTP activity in PLTP KO mice indicating that PLTP could play a role in the first step of lipidation. Reduced MTP should affect both cholesterol and TG secretion, but we only observed the reduction of cholesterol but not triglyceride levels in the circulation. We do not know the reason so far. It might be attributable to the animals not being challenged with high-fat (triglyceride) diet. It has been reported that the apical media of differentiated Caco-2 cells, supplemented with oleic acid and taurocholate, secrete large chyclomicron, whereas such secretion is not possible without the supplementation. 33 We have shown that PLTP activity is present in the Golgi apparatus of hepatocytes and suggested that it might play a role in the assembly and secretion of hepatic apoBlipoproteins in certain atherogenic mice models. 16 The Golgi apparatus is a major site of phospholipid synthesis 34 and our previous observations indicate that addition or remodeling of phospholipids on nascent apoB-containing lipoprotein could involve PLTP. 16 We also found that PLTP deficiency decreases liver vitamin E content, increases hepatic oxidant tone, and substantially enhances reactive oxygen speciesdependent destruction of newly synthesized apoB via a post-ER process. 35 In this study, we observed that cholesterol secretion with chylomicrons is impaired in PLTP-deficient mice (Figure 4 ). Because chylomicron assembly and secretion from enterocytes share common features with VLDL assembly by hepatocytes, 8 PLTP deficiency may also play a role in the maturation of apoB-containing lipoprotein in enterocytes. Our findings are likely to be broadly relevant to apoB secretory control in vivo.
PLTP deficiency also decreased cholesterol secretion via the HDL pathway. We have shown that apoAI and ABCA1 play a role in this pathway. 8 -10 ABCA1 resides solely on the plasma membrane. 36 ABCA1-dependent cholesterol export involves an initial interaction of apoAI with lipid raft membrane domains. 37 It is conceivable that PLTP deficiency might influence lipid composition on the plasma membrane of entercytes, thus influence cholesterol efflux. Indeed, it has been reported that PLTP enhances cholesterol efflux from cells by interacting with ABCA1. 38 The reason why ABCA1 mRNA and MTP activity are lower in PLTP KO small intestine is unknown. The detailed mechanism involved in the regulation of ABCA1 expression by PLTP requires further investigation.
In summary, we provided evidence to show that PLTP KO mice absorb less cholesterol. This was correlated with downregulation of NPC1L1, ABCA1, and MTP in the intestines. Using isolated enterocytes, we showed that low absorption was attributable to decreased cholesterol uptake as well as its secretion. PLTP KO mice have low plasma cholesterol levels and are resistant to diet-induced atherosclerosis. Decreased cholesterol absorption could be a mechanism contributing to low cholesterol levels and decreased atherosclerosis in these mice. Thus, PLTP might serve as a good candidate for therapeutic intervention, and its inhibition might be useful in lowering plasma cholesterol levels and decreasing atherosclerosis.
